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Abstract--This paper presents reduction of torque ripples in an 
Induction Motor with DTC by duty cycle controller. The 
numbers of vectors are increased beyond the available eight 
discrete voltage vectors are used in this paper without 
increasing the number of semiconductor switches in the 
inverter. To achieve swift response, less overshoot and 
precision speed control to provide to enclose torque speed 
characteristics, look-up table based online tuning PI controller 
is projected for outer speed control loop. This paper shows a 
new algorithm for optimized value of stator flux based on the 
maxim reference value of electromagnetic torque to operate in 
conjunction with duty ratio control. MATLAB-Simulink is 
used to observe the performance of proposed technique. The 
simulation results shows the improved results of the proposed 
technique compared over the existing methods. 
 
Index Terms-- direct torque control, fuzzy logic duty ratio 
controller, induction motor. 
 
I. INTRODUCTION 
Over the years direct torque control (DTC) of induction 
motor emerged as an alternative to field oriented control of 
induction motor [1]. DTC is employed for high performance 
and quick response drives [2].Compared to field oriented 
control, DTC has following advantages like (a) simple and 
quick response control, (b) absence of co-ordinate 
transformation and current controllers, (c) PI controllers in 
Flux and torque control loops[3-4]. The conventional DTC 
(CDTC) suffers from major disadvantages like (a) high 
torque and flux ripples, (b) accurate estimation of torque 
and flux, (c) sluggish speed response during low speed and 
sudden change in torque command and (d) variable 
switching frequency [3-5]. Over the last two decades several 
solutions are proposed by researches to improve CDTC. 
Few researches proposed improvements in CDTC by 
employing multilevel inverters [6-8], but multi level 
inverters results in high switching losses. Few developed 
DTC with variable gain hysteresis bands or by replacing 
hysteresis band with constant switching controllers [9-10]. 
CDTC is also improved by space vector modulation and 
discrete space vector modulation techniques as given in [11-
13] but in these methods accurate design of torque and flux 
loop PI controllers is required. The use of artificial 
intelligent techniques like neural networks, fuzzy logic for 
improvements in CDTC gained more importance in recent 
years. In order to improve CDTC few researchers did works 
on replacing conventional torque and speed PI controllers 
with fuzzy, neuro-fuzzy (ANFIS), sliding mode fuzzy and 
neural 
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network controllers [13-16]. It results in improved transient 
response but there is nothing much reduction in torque and 
flux ripples under steady state. Improvements in steady state 
performance of CDTC using ANN based switching 
controller is proposed in [17-18]. Improvements in CDTC 
using fuzzy logic switching controller is proposed by [3, 19-
22] and using hybrid AI technique is given by [23-24]. 
Implementation of ANN requires training of neural network 
for set of inputs and outputs based on black box approach. 
The performance of ANN depends upon selected structure 
of ANN number of iterations. The drawback on ANN based 
switching controller is, it does not give heuristic knowledge 
of process in selection of optimal switching vector. We can 
overcome the drawback of ANN using hybrid neuro-fuzzy 
switching controller. In neuro-fuzzy the architecture of 
system is known and system behavior is decided by fuzzy 
rule base generated based on ANN. Neuro fuzzy useful for 
systems whose domain knowledge is not known or expert 
cannot formulate the rule base. The selection of optimal 
switching state in DTC is well defined and shifting of one 
switching state to another depends upon torque error, flux 
error and stator flux space sector. Fuzzy logic is knowledge 
based system gives heuristic reasoning of the process. Fuzzy 
logic is an excellent tool to handle uncertainty in nonlinear 
function. Fuzzy logic process is easy to understand due to 
its simple logical structure and inference mechanism.  
 
The work presented in this paper considers the design of 
new fuzzy logic controller with five membership functions 
for the inputs and output along with the optimized flux 
algorithm based on maximum reference value of the 
electromagnetic torque to adjust the “duty ratio” of inverter 
switching vectors. The present work shows much better 
performance (reduced ripple) though it has some similarities 
with those in [25-27]. A significant reduction in the ripple 
than that in [28-29] has been achieved in the present work. 
The adaptive PI controller that is based on look-up Table is 
used for outer speed loop for precision speed tracking. A 
series of simulation tests are conducted using MATLAB-
SIMULINK package to validate the performance of the 
devised algorithm. 
 
The complete paper is organized as follows: Section 2 
explains strategy of torque ripple minimization. Section 3 
discusses design of fuzzy logic duty ratio controller. The 
simulation results, comparison and discussion are presented 
in Section 4. Section 5 concludes the work. 
 
II. TORQUE RIPPLE MINIMIZATION 
STRATEGY 
Despite of the available complex solutions [26-36] the duty 
ratio scheme presents best remedy to minimal torque and 
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flux ripple, by overshadowing the above-mentioned existing 
methods. In the classical DTC, a voltage vector is applied 
for the entire switching period, and this causes the stator 
current and electromagnetic torque to increase over the 
whole switching period. Thus for small errors, the 
electromagnetic torque exceeds its reference value early 
during the switching period, and continues to increase, 
causing a high torque ripple. This is then followed by 
switching cycles, where the null switching vectors are 
applied to set the electromagnetic torque to its reference 
value. 
The ripple in the torque and flux can be easily 
reduced by applying the selected inverter vector only for the 
part and not for the entire switching period unlike that in the 
classical DTC IM drive. The time for which an active 
voltage vector has to be applied is chosen just to increase 
the electromagnetic torque to its reference value and the null 
voltage vectors are applied for the rest of the switching 
period. During the application of the null vectors the motor 
absorbs no power, and thus the electromagnetic torque is 
almost constant or decreases slightly. But this decrease 
should be small to have minimum torque ripple. Since this 
decrease in torque also depends on the modulus of the 
reference stator flux, an optimized value for the flux has to 
be used, which is large enough to generate the reference 
torque. This implies that the maximum electromagnetic 
torque reference has to be found and the optimized stator 
flux reference corresponds to this, as follows: The 
expression of stator current space vector in stator flux 
oriented reference frame can be obtained as, 
i  s =
 
Lm
Ls
  ψ s  (Rr +iωsl Lr )
 Rr +jwωsl σLr  
                          (1) 
 
The imaginary part of the above equation gives the 
torque producing stator current (isy)   and maximum value of 
this occurs at ωsl, max =1/T
’
r (T
’
r denotes the rotor transient 
time constant). By substituting the corresponding isy, max 
value in the electromagnetic torque expression, Te = 
3/2(P/2)|𝜓 𝑠  × 𝑖 𝑠  of induction motor, the maximum torque 
can be evaluated as follows:  
 
Te, max = 3/2(P/2)|𝜓 𝑠  ×  𝑖 𝑠𝑦 ,𝑚𝑎𝑥                 
(2) 
 
The maximum electromagnetic reference torque can be 
found from the above equation by substituting,  Te shown in 
equation (3).                                      
           𝑇𝑒 ,𝑟𝑒𝑓
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(3) 
The optimized reference flux linkage for the given 
maximum electromagnetic torque reference can be 
calculated by setting,  ψ 
s,ref
 =  ψ 
s
  as in equation (4). 
 𝜓 𝑠,𝑟𝑒𝑓  =  
8𝑇𝑒 ,𝑟𝑒𝑓
𝑚𝑎𝑥 𝐿𝑠
2𝜎𝐿𝑟
3𝑃𝐿𝑚
2                            (4) 
 
When the above optimized stator flux linkage value is used 
in DTC induction motor drive along with duty ratio control, 
the torque ripples reduce significantly. But, the duty ratio of 
each switching period is a non-linear function of the 
electromagnetic torque error(ETe) stator flux-linkage error 
(E𝛙s) and the position of the stator flux-linkage space vector 
(ρs). It is difficult to model such non-linear function. 
However, the characteristics (such as, model free nature and 
non-dependence on mathematical equations [17]) of fuzzy 
logic controller make the duty ratio determination possible 
and easier during every switching period. 
 
III. PROPOSED METHODOLOGY 
 
Figure-1 shows the schematic of proposed DTC IM drive 
with fuzzy logic based duty ratio control. Two Mamdani 
type fuzzy logic controllers (FLC-1 and FLC-2) that contain 
fuzzifier, inference engine, rule base, and defuzzifier are 
chosen. The FLC-1 and 2 are used for positive and negative 
flux error respectively. In classical DTC, outer loop speed 
regulators are conventional PI controllers, which require 
precise math model of the system and appropriate value of 
PI constants to achieve high performance drive. Therefore, 
unexpected change in load conditions or environmental 
factors would produce overshoot, oscillation of the motor 
speed, oscillation of the torque, long settling time and, thus 
causes deterioration of drive performance. To overcome this 
problem, a look-up Table is designed from the experiences 
of speed response of classical DTC. According to the speed 
error and change of speed error, the proportional and 
integral gains are adjusted on-line.  
 
A. Selection of input/output variables  
The design starts with assigning mapped input/output 
variables of FLC. In this work, the first input variable is the 
torque error (ETe = Te,ref - Te) and the second input variable 
is the stator flux vector position (ρs) at a sampling time ts. 
The output variable is duty ratio (δ).  
 
Figure-1: Schematic diagram of proposed DTC with fuzzy 
logic duty ratio controller 
 
B. Fuzzification  
The success of robust fuzzy controller design mainly 
depends upon this stage. In this stage the crisp variables of 
the inputs ETe(ts) and ρs( ts) converted into fuzzy variables 
ETe and ρs that can be identified by the levels of membership 
in the fuzzy set. Each fuzzy variable is a member of the 
subsets with a degree of membership μ varying between 0 
(non-member) and 1 (full member).  
 
To make the torque and duty ratio variations smaller, the 
universe of discourse of torque error and duty ratio are 
divided into five overlapping fuzzy sets. However, to reduce 
the complexity of design, the stator flux position is defined 
with three overlapping fuzzy sets only. The universe of 
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discourse of all the variables, covering the whole region is 
expressed in per unit values. The fuzzy subsets are defined 
with triangular membership functions as shown in Figure-2. 
The linguistic labels are defined as VS = Very Small, S = 
Small, M = Medium and L = Large, VL = Very Large. 
 
 
 
 
 
 
 
 
 
 
Figure-2. Membership functions for (a) torque error and 
duty ratio (b) stator flux position 
C. Rule base and fuzzy inference engine  
The Rule base involves defining the rules in IF-THEN form, 
which govern the relation between input and output 
variables in terms of membership functions. In this stage the 
input variables are processed by the inference engine that 
executes 15 rules (5x3) as shown in Table-1. These rules are 
generated from the knowledge of control systems and the 
simulation results of classical DTC induction motor using 
different switching states.  The inference engine also 
includes the application of fuzzy operator (AND, OR), 
product operation of fuzzy implication and maximum 
aggregation. The relation between different conditions in 
the same rule is done by means of 'AND' operator. On the 
other hand, the relationship between different rules is done 
by means of 'OR' operator.  
 
Table-1. Fuzzy control rules for duty ratio determination. 
 
E𝛙e          ETe 
ρs 
 
VS S M L ML 
 ψ 
s
 
<  ψ 
s,ref
  
S S M M L VL 
M VS S M L VL 
L VS S M L VL 
 ψ 
s
 
>  ψ 
s,ref
  
S VS S M M VL 
M VS S M L VL 
L S M L VL VL 
 
D. Defuzzification  
This stage introduces different inference methods 
that can be used to produce the fuzzy set values for the 
output fuzzy variables. In this paper, the center of gravity 
(COA) or centroid method is used to calculate the final 
fuzzy value. The COA expression with a discretized 
universe of discourse can be written as, 
δ =
 δi μout  δi 
n
i=1
 μout  δi 
n
i=1
                              (5) 
Where, n denotes the total number of rules. The 
comparator circuit as shown in Figure-1, compares the duty 
ratio determined during each switching period with a 
triangular signal, whose period is equal to that of switching 
period and thus determines the duration for which active 
vector should be applied. The modified symmetrical 
switching vectors fed to the inverter would improve the 
performance of drive. 
 
IV. RESULTS COMPARISON AND 
DISCUSSIONS  
A series of simulation tests are conducted on a 4KW, 4pole 
inverter-fed IM to evaluate the performance of proposed 
DTC method. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-3. Simulation results for torque response with 
reference speed of 157 rad/sec and no load (a) classical (b) 
proposed DTC. 
 
Figure-4: Simulation results for stator current with 
reference speed of 157 rad/sec and no load (a) classical 
DTC  (b) Proposed DTC 
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Figure-5. Simulation results for electric torque response (a) 
Classical DTC with reference speed  of 157 rad/sec and step 
load (b) proposed DTC with reference speed of 157 rad/sec 
and step load. 
 
          
 
 
 
 
 
 
 
 
 
 
Figure-6. Simulation results for stator current with 
reference speed of 157 rad/sec  and step load (a) classical 
DTC (b) proposed DTC 
 
 
 
Figure-7. Simulation results for stator flux trajectory with 
reference speed of 157 rad/sec  and step load (a) classical 
DTC (b) proposed DTC 
 
The torque response has been analyzed in steady state. 
These tests are carried out for 157-rad/sec speed operation, 
with sudden drop in load torque from 20N-m to 5N-m at 
1.5sec. A constant un-optimized stator flux value of 0.5 Wb 
is used for classical DTC. Whereas, optimized stator flux 
values of 0.3734Wb (for 20N-m load) and 0.1867 Wb (for 
5N-m load) are used for proposed one.  
 
Figure-3(a) and 3(b) shows electric torque response for 
classical DTC and proposed DTC respectively for no load 
operation. In addition to the inherent disadvantage of 
classical DTC, the constant reference flux causes higher 
ripple at lower torque level because, the chosen 0.5 Wb is 
larger than the optimized flux value (0.1867Wbs). But, the 
proposed method causes lower ripple at lower torque level 
than at the higher torque level. Moreover, this method is 
able to eliminate the torque undershoot and overshoots. The 
average amount of ripple reduction in torque compared to 
classical DTC is observed to be 1/19th (~11N-m for classical 
with peaks up to ~16N-m, and ~1.2N-m for proposed) and 
1/15th (~15N- for classical with peaks up to ~19N-m, and 
~1N-m for proposed) respectively for higher and lower 
torque levels of high-speed operation. Similarly, for low 
speed operation the reduction is observed to be more than 
1/10th (~9N-m for classical with peaks up to ~14N-m, and 
~0.8N-m for proposed) and 1/17th (~11N-m for classical 
with peaks up to ~15N-m, and ~0.6N- m for proposed) 
respectively for higher and lower torque levels. Figure-4(a) 
and 4(b) shows no-load stator currents for classical and 
proposed DTC respectively for a reference speed of 157 
rad/sec. Figure-5(a) and 5(b) shows electric torque response 
for classical DTC and proposed DTC respectively for a step 
load, Figure-6(a) and 6(b) shows stator currents for classical 
and proposed DTC respectively for a reference speed of 157 
rad/sec for a step load and Figure-7(a) and 7(b) shows stator 
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flux trajectory for classical and proposed DTC respectively 
for a reference speed of 157rad/sec and with a step load. 
 
V. CONCLUSIONS 
In this study, on- line PI tuning and torque ripple 
minimization strategy are brought to a common platform to 
alleviate the disadvantages of classical DTC employed to 
control an inverter-fed induction motor drive. The fuzzy 
logic duty ratio controller with optimized reference flux 
command is applied and verified. Low speed operation of 
the proposed method dictates the proper functionality of 
speed estimation as well as precision torque control. From 
the simulation tests the following justifiable conclusions are 
drawn against the existing solutions. 
The devised method is easier to understand, design and 
implement. The input/output scaling factors for fuzzy logic 
controller are absent;  
a) Increased efficiency as well as lower acoustic noise for 
the induction motor drive is observed because of the 
significant reduction (~1/15th) in torque, flux and 
current ripples/harmonics. In addition to the torque 
ripple minimization, under (over) shoots are also 
eliminated;  
b) The proposed method operates at a lower switching 
frequency, and thus reduces switching losses as well as 
stress on semiconductor switches of the inverter; 
c) From the simulation results shown, it is clear that, the 
proposed method of DTC will reduce the torque and 
flux ripple considerably; and 
d) The smoother flux trajectory for the proposed method of 
DTC confirms the ripple reduction in torque, flux, stator 
current and speed response. 
 
3-Phase Induction Motor Parameters: Rotor type: Squirrel 
cage 
 
Symbol Parameter Values 
n Motor Speed 1440rpm 
f Supply Frequency 50Hz 
Pn Power 4kw 
P Pole pair 4 
Rs Stator Resistance 1.57Ω 
Rr Rotor Resistance 1.21 Ω 
Ls Stator Inductance 0.17 H 
Lr Rotor Inductance 0.17 H 
Lm Mutual Inductance 0.165 H 
J Moment of Inertia 0.06 Kg-m2 
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